Our current knowledge about the mechanisms of miRNA silencing is restricted to few lineages such as vertebrates, arthropods, nematodes and land plants. miRNA-mediated silencing in bilaterian animals is dependent on the proteins of the GW182 family. Here, we dissect the function of GW182 protein in the cnidarian Nematostella, separated by 600 million years from other Metazoa. Using cultured human cells, we show that Nematostella GW182 recruits the CCR4-NOT deadenylation complexes via its tryptophan-containing motifs, thereby inhibiting translation and promoting mRNA decay. Further, similarly to bilaterians, GW182 in Nematostella is recruited to the miRNA repression complex via interaction with Argonaute proteins, and functions downstream to repress mRNA. Thus, our work suggests that this mechanism of miRNA-mediated silencing was already active in the last common ancestor of Cnidaria and Bilateria.
INTRODUCTION
miRNAs are small, 21-23 nucleotide-long non-coding RNAs targeting more than half of all genes in mammals (1) . Mutations disrupting production of miRNAs result in lethality or sterility, pointing to their integral role in gene expression (2) . Because miRNA are involved in regulating numerous developmental and cellular processes in plants and animals, understanding the mechanisms and evolution of their function is important to fundamental science. miRNAs function as guides, by pairing with complementary sites present in their target transcripts and recruiting a complex of proteins that ultimately down-regulates mRNA (3) (4) (5) . In members of the Bilateria, a group that comprises the vast majority of existing animal species, this is achieved by both translational repression and RNA decay via deadenylation. In vertebrates, Drosophila and C. elegans, which represent evolutionary diverse groups of Bilateria, those activities are mediated by scaffold proteins of the metazoanspecific GW182/TNRC6 family ( Figure 1A) . A major role of those flexible proteins is to interact with: (i) the Argonaute proteins (AGOs), which carry the guide miRNAs, and thus mediate recruitment of the entire repression complex to the target mRNA, based on partial complementarity; and (ii) the CCR4-NOT deadenylation complex that enables mRNA deadenylation and translational repression. In contrast to bilaterians, in land plants, miRNAs bind to their targets via nearly-perfect matches and the Argonaute carrying the miRNA usually cleaves the target (6, 7) . In addition to cleavage, miRNA-mediated translational repression happens also in plants, but unlike in bilaterians it does not involve GW182 and still requires a nearly-perfect complementarity between the miRNA and its target (8, 9) . As the modes of miRNA action are so different between plants and bilaterian animals, their study in other clades is important for shedding light on the evolution of this mechanism. The starlet sea anemone Nematostella vectensis, a representative of Cnidaria (sea anemones, corals, jellyfish and hydrozoans), the sister phylum of Bilateria, was recently shown to frequently cleave its miRNA targets via nearly perfect matches (10) . While this mechanism exhibits unexpected resemblance to the mode of action of plant miRNAs, Nematostella and other cnidarians also possess genes encoding for GW182 homologs ( Figure 1A ; (11) ). The existence of GW182 proteins in Cnidaria raises the question whether they play a role in post-transcriptional regulation in this (53, 54) ]. Phyla where GW182 proteins were functionally and biochemically studied appear in purple and the studied protein appear within brackets. Phyla where GW182 homologs are found in the genome but have not been functionally studied yet appear in red. Cnidaria appear in light blue. Phylogenetic groups of multiple phyla are indicated by a triangle. The illustrated polytomy of sponges and comb jellies is due to the current uncertainty regarding their relative phylogenetic positions. (B) Schematic representation of Nematostella vectensis GW182 (nvGW182), its human homologs TNRC6A, B and C, and their deletion mutants. DNAJ domain (yellow); N-GW: GW-repeat-rich region (grey); UBA: ubiquitin associated domain (green); PAM2: PABP associated motif 2 (blue); RRM: RNA-recognition motif (red). The C-terminal effector domain (CED) is formed RRM, PAM2 and the unstructured flanking regions with tryptophan-containing motifs, or W-motifs (W). The numbers correspond to the amino acid positions. (C) Schematic representation of reporter constructs used in tethering experiments: RLuc-boxB encodes for Renilla luciferase (RLuc) coding sequence fused to a 3 UTR with five boxB sites that specifically bind to N peptide; FLuc encodes for Firefly luciferase (FLuc) coding sequence without boxB sites and serves as a control (55) .
(D) Repression of RLuc-boxB mRNA by NHA-nvGW182 and its deletion mutants. Human HEK293 cells were co-transfected with plasmids encoding RLuc-boxB, FLuc and full-length NHA-nvGW182 or indicated NHA-nvGW182 deletion mutants. As positive controls, plasmids encoding human NHA-TNRC6A, NHA-TNRC6B and NHA-TNRC6C were co-transfected. As negative controls, plasmids encoding untethered HA-fusions were used. RLuc activity was normalized to that of FLuc and presented as a percentage of RLuc produced in the presence of the corresponding untethered HA-fusions (open bars). Values represent means ±SD from 5 to 6 experiments. Expression levels of HA-fusion proteins were estimated by Western blotting with antibodies directed against HA-peptide.
basally-branching animal phylum that separated from Bilateria ∼600 million years ago (MYA). Here, we show that the GW182 protein of Nematostella (nvGW182) interacts with AGO proteins and is able to repress mRNA. Its function in repression is mediated by tryptophan-containing motifs that recruit the CCR4-NOT deadenylation complex and lead to translational repression and mRNA decay. Our finding suggests that the mechanism of miRNA silencing via the CCR4-NOT complex is conserved for at least 600 million years.
MATERIALS AND METHODS

Cell culture, transfections and luciferase assay
Human HEK293 and HeLa cells were grown in Dulbecco's modified Eagle's medium with GlutaMAX™ supplement (DMEM+ Gluta MAX, GIBCO) with 10% FCS. Transfections were done in 24-and 96-well plates with polyethylenimine (PEI) using a 1:5 ratio of DNA:PEI. In tethering experiments, HEK293 cells were transfected with 2 ng RLuc5BoxB and 30 ng FLuc (transfection control), and 10 ng HA-or NHA-fusion constructs per well of a 96-well plate. When indicated, increasing amounts of plasmids encoding CNOT6 cat and CNOT7 cat (50, 100 and 200 ng) were cotransfected. Transfections containing less than 200 ng of CNOT cat plasmids were topped up to 200 ng with LacZencoding plasmid. For other formats, the amounts of plasmids were adjusted proportionally. Cells were lysed 24 h post transfection. In rescue experiments, HeLa rtTA (control) and Hela rtTA-TNRC6-KD cells were transfected in a 96-well plate format.
For rescue experiments, HeLa line expressing TNRC6A&B-targeting shRNA under doxycyclineinducible promoter was generated using recombinasemediated cassette exchange strategy. The shRNA sequences, corresponding to the previously used siRNAs (12) (5'-GCCUAAUCUCCGUGCUCAATT-3', 5'-GGCCUUGUAUUGCCAGCAATT-3') were cloned into pBIF3-miRNA-diGFP (13) and stably integrated between FRT sites of HeLa-11ht line (14) , resulting in the HeLa-11ht-TNRC6A&B line. The parental HeLa-11ht line was used as 'no knockdown' control. TNRC6 knockdown was induced for 2 days with doxycyclin (1 g/ml). On day 2, doxycyline was removed and cells were transfected with 0.5 ng FLuc/RLuc-hmga2-wt or FLuc/RLuc-hmga2-mut dox-inducible let7 reporters (12, 15) , and increasing amounts (25-200 ng/well) of the indicated rescue constructs. LacZ-encoding plasmid was used as a filler, to top up each transfection to the same the total amount of DNA. On day 3, expression of the reporters was induced with doxycyclin (1 g/ml) for 4 h prior to cell lysis.
Luciferase 3 and 0.6 g/ml colenterazine) reagents per sample were used to measure luciferase activities.
DNA constructs
Tethering reporter plasmids RLuc-5BoxB and FLuc, NHA-and HA-AGO2 (16); let-7 reporter plasmids FLuc/RLuc-hmga2-wt and FLuc/RLuc-hmga2-mut (12, 15) ; TNRC6 proteins tagged with HA, NHA (20) and GST (12) have been described previously. Plasmids encoding CNOT6 cat and CNOT7 cat were generated by re-cloning the corresponding ORFs from previously described plasmids (21) in pEBG-derived vector bearing a 3xHA-tag instead of GST (pEBH). pEBG (Addgene 22227) was a gift from David Baltimore (22) . Coding sequences of nvAGO1 and nvAGO2 were PCR-amplified from Nematostella cDNA and cloned into pEBH vector (deposited to Addgene 82434, 82435) and pCiNeo vectors bearing an HA-or NHA-tag (16) .
Plasmids encoding the HA-, NHA-and GST-tagged nvGW182 and its deletion mutants were PCR-amplified, using synthetic humanized nvGW182 coding sequence as a template, and cloned into pCiNeo vectors bearing an HAor NHA-tag (16) Human/Nematostella GW182 chimeric constructs were generated by PCR-based fusion of shRNA-resistant TNRC6A N-terminal region (aa 1-1169, Q8NDV7-2) with nvCED (aa 1159-1698), wt or 11W11A and cloning the resulting hybrid coding sequences into pCiNeo-NHA (deposited to Addgene 82430, 82431) and pEBG vector (deposited to Addgene 82432, 82433).
Pull-down assays, immunoprecipitation, Western blotting and mass spectrometry
For GST pull-down assays, HEK293 cells grown in 10 cm dishes were transfected with 0.2-5 g plasmids expressing GST-fusions. Cells were lysed 24 h post-transfection and GST-fusions were pulled down as described (12) . Liquid chromatography-tandem mass spectrometry analysis was performed with in-solution digested affinity purified protein samples on a Q Exactive mass spectrometer (Thermo Scientific) as previously described (24) . Label-free quantitation (LFQ) was performed using MaxQuant Analysis Software (25, 26) , and statistic analysis using Perseus Software. The mass spectrometry data have been deposited to the ProteomeXchange Consortium via the PRIDE (27) partner repository with the data set identifier PXD004668.
For ␣AGO1 and ␣CNOT9 immunoprecipitation (IP) and Western blot in Nematostella, custom antibodies were raised against the synthetic peptide CMMDRDKEAG-NDNSS derived from Nematostella AGO1 (nvAGO1) and a recombinant fragment spanning amino acid positions 1301-1698 of nvGW182 in rabbit and guinea pig, respectively (GenScript, USA). Ten micrograms of ␣nvAGO1 or ␣CNOT9 antibodies, coupled with protein A magnetic beads (Bio-Rad), and 500 g of lysate from Nematostella embryos 48 h post-fertilization were used per each IP. Embryos were lysed in the lysis buffer (25 mM Tris-HCl pH 7.5, 150 mM KCl, 25 mM EDTA, 0.5% NP-40, 1 mM DTT, complete Ultra (Roche) and Set III (Merck) protease inhibitor cocktails), after IP the beads were washed with the wash buffer [50 mM Tris-HCl pH 7.5, 300 mM NaCl, 5 mM MgCl 2 , 0.05% NP-40, complete Ultra (Roche) and Set III (Merck) protease inhibitor cocktails] and bound proteins were eluted with the SDS-PAGE sample buffer.
The following primary antibodies were used for Western blotting on human cells: ␣AGO2 (Ascenion GmbH 11A9) 1:4000; ␣CNOT7 (Abnova) 1:2000; ␣CNOT9 (Proteintech) 1:5000; ␣GST-HRP conjugated (Abcam) 1:5000; ␣alpha-TUBULIN (Sigma T5168) 1:4000; and ␣HA (Roche 3F10) 1:5000. For Nematostella samples the following antibodies were used in Western blotting and IP: ␣CNOT9 (OriGene) 1:1000; ␣nvGW182 (GenScript, described above) 1:1000; ␣nvAGO1 (GenScript, described above) 1:1000.
RNA extraction and qRT-PCR
For qRT-PCR analysis, cells were lysed with cytoplasmic RNA lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM KCl, 0.5% Triton X-100, 0.2 mM Pefabloc), clarified and split for luciferase and qRT-PCR assay. RNA was isolated with TriFast FL (Peqlab), treated with RQ1 DNase I, and reversetranscribed using the Maxima first strand cDNA synthesis kit (Thermo Fisher). RLuc and FLuc were quantified using previously described primers (15) and sensiFAST SYBR No ROX qPCR kit (Bioline). Relative RLuc/FLuc expression levels were calculated using C t method.
RESULTS
Nematostella GW182 protein represses mRNA via W-motifs in its C-terminal domain
Proteins of the GW182 family show relatively low global sequence conservation, but are characterized by a conserved domain organization that includes an N-terminal GW-rich region, an ubiquitin-associated (UBA) domain, a glutamine-rich (Q-rich) region, PABP-associated motif 2 (PAM2) and a C-terminal RNA recognition motif, flanked by tryptophan-motifs-containing regions [W; Figure 1B ; (3)]. Nematostella GW182, in addition, contains DNAJ domain. The N-terminal GW repeats bind AGOs (19, (28) (29) (30) (31) , and the C-terminal part of the protein (CED) recruits the CCR4-NOT and PAN2/PAN3 deadenylation complexes to repress mRNA (12, 32, 33) . In our previous work, we identified tryptophan-containing WG/S/T and G/S/TW repeats (called W-motifs for their invariant residues) as the key silencing elements, both necessary and sufficient for recruitment of deadenylases and mRNA silencing (12) . The structural aspects of this recruitment were dissected in further studies by Filipowicz, Conti, Weichenrieder and Izaurralde groups (34, 35) . Importantly, function of these motifs was shown to be conserved between human and Drosophila (12).
As nvGW182 contains similar motifs in its C-terminal region, we reasoned that it may function via a similar mechanism.
To test if function of nvGW182 in mRNA repression is conserved, we analyzed its effect on mRNA in transfected HEK293 cells using an RNA-protein tethering assay. Tethering was achieved by co-expressing Renilla luciferase mRNA containing five boxB hairpins in its 3´-UTR (RLuc5boxB; Figure 1C ), and nvGW182 protein or its deletion mutants fused with HA-tag and lambda phage N peptide, recognizing the boxB sites (16, 36) . As untethered controls that were not expected to repress RLuc-5boxB, we used analogous HA-fusions lacking N peptide. As expected, human homologs TNRC6A, B and C, used as positive controls, led to efficient repression of tethered mRNA ( Figure  1D ; ∼10-to 5-fold). Importantly, we observed that tethering of nvGW182 leads to ∼3.5-fold repression. To identify the domains of nvGW182 that function in repression, we generated C-and N-terminal deletions (nv CED and nvCED, respectively) and tested their ability to repress tethered mRNA. Consistently with the prior mapping studies in human and Drosophila (17) (18) (19) (20) , we observed that nvCED effectively represses mRNA (∼5-fold), while nv CED has practically no effect ( Figure 1D ).
Next, we tested if nvCED mediates repression via presumptive W-motifs (Figure 2A ; W-motifs are shown in bold). For that, we mutated W residues in W-motifs (W → A) starting from the C-terminus and analyzed the effect of these mutations on expression of the tethered mRNA (Figure 2B) . We observed that mutations of W-motifs indeed led to alleviation of repression by nvCED. As most alleviation was achieved with mutating the four N-terminal Wmotifs, we decided to test if these motifs are the most critical for repression. For that, we generated nvCED with sequential mutations of the four N-terminal W-motifs (Figure 2C ). These mutations lead to partial alleviation of repression (∼2.5-fold), and repression was completely abrogated only when all eleven motifs were mutated (11W11A). These results suggest that W-motifs act in additive manner to mediate silencing. Importantly, W-motifs were also required for mRNA silencing in the context of the full-length nvGW182 ( Figure 2D ). Western blot analysis of the NHAnvCED and NHA-nvGW182 confirmed that the differences in their repressive potential cannot be attributed to the expression levels ( Figure 2B-D) .
Nematostella GW182 recruits the CCR4-NOT deadenylation complex via its W-motifs to stimulate mRNA decay and repress translation
To understand how nvGW182 mediates repression, we decided to identify proteins that interact with nvGW182 and its repressive domain nvCED. We expressed either full-length GST-nvGW182 or its deletion mutants (GSTnvCED, GST-nv CED, GST-nvDNAJ) in HEK293 cells, pulled down with a GST tag and analyzed by mass spectrometry ( Figure 3A ; Supplementary Table S1). As silencing was mediated by W-motifs present in nvCED ( Figure 2B and C), the 11W11A nvCED mutant was included as a negative control. Similarly to their mammalian counterparts (12,32,33,37-39), the full-length nvGW182 and wt CED as- sociated with components of the human CCR4-NOT complex, CNOT1, CNOT2, CNOT3, CNOT9 and PABP proteins. Importantly, interactions with the CCR4-NOT subunits were lost in nvCED 11W11A mutant, demonstrating that nvGW182 recruits deadenylases via W-motifs. As both wt and 11W11A mutant nvCED proteins contain the PAM2, they both interacted with PABP. We have not detected PAN2/PAN3 deadenylation complex among interactors of nvGW182, although it was previously found to bind human and Drosophila GW182 (12, 33) . Thus, interaction with PAN2/PAN3 might not be conserved in Nematostella. Alternatively, it is possible that PAN2/PAN3 was not detected in the nvCED pull-downs because it is a weaker interactor than CCR4-NOT. To validate the results of the mass spectrometry, we analyzed the content of GST pulldowns by Western blotting. Indeed, both CNOT7/CAF1 and CNOT9 interacted with the wt nvCED, but not with the 11W11A mutant variant ( Figure 3B ). When only four N-or C-terminal W-motifs were mutated (N-4W4A and C-4W4A), nvCED retained most of its affinity to the CNOT7 ( Figure 3C ), suggesting an additive role of W-motifs in the CCR4-NOT recruitment. The CCR4-NOT complex includes two deadenylation enzymes, CNOT6/CNOT6L and CNOT7. To test if deadenylation activity of the recruited CCR4-NOT complex contributes to nvGW182-mediated repression, we made use of the catalytically inactive mutants CNOT6 cat and CNOT7 cat (40) . These mutants function as dominant negative and their overexpression leads to mRNA stabilization because of decrease in deadenylation rates. Therefore, if function of nvGW182 involves CCR4-NOT-mediated deadenylation, we expect that interfering with CNOT6 and CNOT7 deadenylation activity would affect repression by nvGW182. Indeed, when co-expressing increasing amounts of CNOT6 cat and CNOT7 cat , we observed partial alleviation of repression by nvGW182 and nvCED ( Figure 4A ) accompanied by stabilization of tethered mRNA ( Figure 4B ). In bilaterians GW182 mediates not only mRNA deadenylation via CCR4-NOT, but also translational repression (12, 34) . To test if Nematostella protein functions similarly, we compared the effects of nvGW182 and nvCED on the levels of tethered RLuc-boxB reporter mRNA and its protein product, measured by qRT-PCR and luciferase assay ( Figure  4C ). This analysis confirmed that inhibition of protein production (filled bars) cannot be fully explained by changes in mRNA levels (open bars), suggesting that nvGW182 affects both mRNA stability and translation. Importantly, no silencing was observed with the 11W11A nvCED mutant, defective in CCR4-NOT recruitment, indicating the role for W-motifs in both mRNA decay and translational repression. Altogether, these results suggest that the mechanism by which GW182 protein represses mRNA may be conserved between Nematostella, flies and mammals.
Nematostella GW182 interacts with Nematostella AGOs, but not human AGO2
In order to function in the miRNA silencing pathway, GW182 proteins need to be recruited to an mRNA via direct interaction with AGO:miRNA complex, which is happening via the N-terminal GW repeats (19,28-31) . Intriguingly, mass spectrometry performed on the GST pull-downs of nvGW182 or its N-terminal regions (nv CED, nvD-NAJ) did not detect any significant interaction with human AGO proteins (Supplementary Table S1 ). To confirm this result, we performed Western blotting on the GST pull-downs with ␣AGO2 antibody, using N-terminal domain of the human TNRC6C (TNRC6C CED) as a positive control (Figures 3B and 5A) . Indeed, we detected strong interaction between AGO2 and human TNRC6C
CED, but not with nvGW182 domains overexpressed in HEK293 cells. The possible explanations of this result are that (i) nvGW182 binds only Nematostella, but not human AGOs, because of low conservation of binding sites or (ii) nvGW182 is recruited to mRNA via a different RNA-binding protein. To discriminate between these possibilities, we overexpressed HA-tagged Nematostella AGOs, nvAGO1 and nvAGO2, in human HEK293 cells, together with GST-nvGW182 domains. We then tested for the presence of nvAGO1 and nvAGO2 in the GST pull-down, by Western blotting with ␣HA antibody ( Figure 5A ). We found that nvAGOs interact with the N-terminal domain of nvGW182 protein (nvGW182 CED), but not with its human homolog (TNRC6C CED). These results suggest that GW182-AGO interaction regions are not conserved between human and Nematostella. Consistently with this result, Nematostella AGOs were not able to repress tethered mRNA, unlike human AGO2 (hsAGO2) used as a positive control ( Figure 5B ).
Previous works (30, 41) have shown that human GW182 proteins have multiple regions capable of AGO binding. Interaction with AGO is mediated by tryptophan residues, but these AGO-binding motifs are functionally distinct from the CCR4-NOT-binding W-motifs (12, 31) . To test if nvGW182 also possesses multiple AGO-binding regions, we generated a set of N-terminal deletion mutants containing different amount of potential AGO-binding tryptophans (asterisks; Figure 5C ). We used GST pull-down assay to assess the ability of the generated nvGW182 deletions to recruit nvAGOs ( Figure 5D ). Deletion of N-terminal portions lead to gradual reduction of nvAGOs signal, suggesting that nvGW182 recruits nvAGOs via multiple regions, similarly to human orthologs.
While our results provide strong evidence that Nematostella GW182 can interact with human CCR4-NOT and Nematostella AGOs, they were obtained under overexpression conditions and in human cell culture. To test whether those interactions also occur naturally in the sea anemone itself, we performed immunoprecipitation (IP) from Nematostella embryonic lysates, using a custom antibody raised against nvAGO1 and a commercially available antibody against a region of human CNOT9 that is 94% identical to its Nematostella homolog. Both IPs were then tested by Western blot, and showed the presence of nvGW182 in nvAGO1 and CNOT9 IP, but not in control mock IP performed with unspecific rabbit IgGs ( Figure 5E ). We concluded that AGO, GW182 and CNOT9 interact with one another in Nematostella like in mammals (12, (32) (33) (34) (35) 37) . W-motifs of Nematostella GW182 contribute to bona fide miRNA-mediated silencing
As nvGW182 does not interact with human AGOs, it cannot be used to rescue the depletion of TNRC6 proteins.
To overcome this issue and show that nvGW182 can function in miRNA silencing, we generated a chimeric construct containing the N-terminal AGO-binding domain of human TNRC6A protein and C-terminal CCR4-NOT-binding domain of nvGW182 ( Figure 6A ). This chimeric construct was generated in two versions: wt and 11W11A mutant that does not interact with CCR4-NOT. We tested the constructs in GST pull-downs to make sure that both wt and 11W11A chimeras are able to bind human AGO2 with the same efficiency ( Figure 6B ). Next we analyzed if chimeric human/Nematostella GW182 can function in a bona fide miRNA repression assay. For that, we depleted HeLa cells of the endogenous TNRC6A and B using stably integrated inducible shRNA constructs, and tested chimeric GW182 proteins for their ability to rescue miRNA repression. To assess miRNA-mediated silencing, cells were co-transfected with the Fluc/RLuc-hmga2 reporter, targeted by let-7 endogenously expressed in HeLa cells ( Figure 6C) . In control cells let-7 efficiently repressed wild-type Rluc-hmga2 mRNA, when compared with the mutant reporter from which let-7-binding sites were deleted (compare Rluc-hmga2 wt with RLuc-hmga2 mut, filled bars). Upon depletion of endogenous TNRC6 proteins (open bars), repression of the hmga2 reporter was alleviated. As shown previously, transfection of a plasmid encoding wt TNRC6A resistant to shRNA rescued the repression, and its unfuctional mutant TNRC6A 8W8A could not rescue (12) . Intriguingly, the chimeric . GST-fusions of the indicated proteins and their domains were expressed in HEK293 cells, and inputs (6%) and GST-pulldowns were analyzed by Western blotting using the indicated antibodies. (C) W-motifs of h/nvGW182 chimera are required to rescue depletion of endogenous TNRC6 proteins. HeLa cell line carrying stably integrated inducible shRNAs construct against endogenous TNRC6A and B was used for TNRC6 knockdown experiments (open bars); HeLa cells not expressing TNRC6-directed shRNAs was used as a control (filled bars). Expression of shRNAs was induced for 2 days prior to transfection of miRNA reporters and rescue constructs. Cells were transfected with RLuc-hmga2 reporter containing let-7 sites or its mutant version (RLuc-hmga2 mut), and increasing amounts of plasmids expressing h/nvGW182 chimera or its 11W11A mutant. TNRC6A was used as a positive control, TNRC6A 8W8A was used as a negative control. Values represent percentages of RLuc activity produced by hmga2-mut reporter without TNRC6 depletion (means ±SD, n = 3). (D) Speculative model illustrating the mechanisms of miRNA-mediated silencing in bilaterian animals (recruitment of the CCR4-NOT complex via W-motifs of GW182), land plants (slicing by AGO and translational repression via an unknown mechanism that depends on AGO), and cnidarians (both slicing and GW182-dependent mechanism). The close-up shows the graphic representation of the W-motif that recruits the deadenylation complexes and is conserved in human, Drosophila and Nematostella. The consensus was derived with the MEME suite (42), see also Supplementary Figure S1 .
protein carrying nvCED was also able to partially rescue miRNA-mediated silencing (wild-type chimera). Importantly, its function in miRNA silencing was dependent on the CCR4-NOT-recruiting W-motifs, as 11W11A mutant was not able to complement the knockdown of TNRC6 proteins. To summarize, these data suggest that W-motifs of nvGW182 mediate miRNA silencing in a genetic rescue experiment. Thus, our experiments support the model where the mechanism of miRNA silencing via W-motifs is conserved between cnidarians and bilaterians ( Figure 6D ). To derive the consensus sequence of the CCR4-NOT-recruiting Wmotif, shared between bilaterians and cnidarians, we applied the MEME motif-searching algorithm (42) on the experimentally validated W-motifs in human, Drosophila (12) and Nematostella GW182 proteins ( Figure 2B, C and D) . The resulting consensus sequence of W-motif ( Figure 6D , Supplementary Figure S1 ) is rich in S, T and G residues, surrounding the invariant W.
DISCUSSION
Conservation of the mechanisms of miRNA silencing
In an earlier study, we have shown that Nematostella possesses the miRNA pathway (10) . Unlike mammals and flies and similar to plants, Nematostella miRNAs tend to have high complementarity to their targets and mediate target slicing. This finding suggested that slicing might be the ancestral mode of action of miRNAs in animals. However, unlike plants, Nematostella possesses a GW182 homolog, a protein required for miRNA-mediated deadenylation and translational repression in Bilateria. Using human cultured cells and Nematostella embryonic lysates, we show that nvGW182 functions via a similar mechanism as its bilaterian homologs: it recruits the CCR4-NOT deadenylation complex via its W-motifs, to affect both mRNA stability and translation. Moreover, this conclusion is supported by the high conservation of the DDX6 helicase in Nematostella (72% identity and 85% similarity between human and Nematostella): this helicase was shown to contribute to miRNA-mediated translational inhibition in mammals (34, 35, 43) .
The question remains, why Nematostella miRNAs employ two different mechanisms of action -AGO-mediated slicing and AGO/GW182/CCR4-NOT-mediated deadenylation and translational repression. It is unlikely that only one of two Nematostella AGOs possesses slicing activity, and the second relies on nvGW182-dependent mechanism, because both nvAGO1 and nvAGO2 possess the five residues previously found to be important for AGO slicing activity in bilaterians (11, 44, 45) . The most likely possibility is that GW182-mediated mechanism is employed by a subset of Nematostella miRNAs, which are only partially complementary to their targets and therefore cannot mediate slicing. An alternative explanation is that the Nematostella miRNA-mediated silencing system employs each of the two modes of action under different conditions or for different targets. A possible way of switching the mode of action would be modification of AGO catalytic site, as such modification can interfere with the slicing activity. Of note, plant miRNAs are also able to mediate both slicing and translational repression, although it involves non-GW182 family SUO protein (46) . These results suggest that less stringent and reversible mechanism of function--mRNA deadenylation and translational repression--might be advantageous and therefore preserved by evolution.
In previous work, we demonstrated that W-motifs are both necessary and sufficient to recruit the deadenylation complexes and repress tethered mRNA and therefore play a key role in miRNA silencing in human and Drosophila (12) . Here, we show that the function of these potent elements is conserved in over 600 million years of evolution and derive the consensus sequence of the W-motif, shared between bilaterians and cnidarians ( Figure 6D ). Interestingly, we observed that these motifs are rich in serine and threonine residues, which makes them hotspots for phosphorylation (47, 48) . Such reversible phosphorylation of W-motifs in TNRC6/GW182 proteins could interfere with their ability to recruit the CCR4-NOT complex and, thus, represent an interesting mechanism for regulation of miRNA silencing in response to various stimuli.
Co-evolution of AGO and GW182 proteins
The fact that nvGW182 can interact with the human CCR4-NOT complex through its CED but fails to recognize human AGO2, points to a scenario where two domains of GW182 experienced very different evolutionary trajectories: the CED remained relatively conserved, as is indicated by the fact that it is the only part in nvGW182 that shows sequence homology to bilaterian GW182 proteins (11) . The relative conservation of W-motifs in the CED might be the result of the very high conservation of the CCR4-NOT complex that is connected to numerous cellular pathways and hence has very low sequence flexibility (49) . In striking contrast, the N-terminal part of the GW182 protein, which was shown to be crucial for AGO recognition [ Figure 5A and D; (19, (28) (29) (30) (31) ], evolved so rapidly that no sequence homology can be detected between this part of vertebrate TNRC6 and Nematostella GW182. The fast evolution of the GW182 Nterminal domain resulted in the inability of Nematostella AGOs to bind to human TNRC6 and vice versa. However, the ability of nvGW182 to bind nvAGOs and CNOT9 (as we also verified in Nematostella, Figure 5E ), and the welldocumented ability of bilaterian GW182/TNRC6 proteins to bind their respective AGOs and the CCR4-NOT complex (12, (32) (33) (34) (35) 37, 50, 51) , support a parsimonious view that the last common ancestor of Cnidaria and Bilateria carried at least one GW182 and one AGO and those were forming a miRNA-mediated silencing complex together with units of the CCR4-NOT complex. Further, it is likely that AGOs and the N-terminal domain of GW182 proteins have gone through separate co-evolutionary processes in the cnidarian and bilaterian lineages that are the reason for our observed lack of inter-lineage interaction. This escalating process might have started from a mildly disadvantageous mutation in one of the proteins that reduced the AGO-GW182 affinity and hence made a compensatory mutation in the partner protein advantageous (52) .
In this work, we provide new insight into the evolution of the miRNA-mediated silencing mechanisms, us-
